In this work, we analyze the influence of the nanocrystallization process on the luminescence properties of Er 3+ ions in transparent oxyfluoride tellurite glass-ceramics obtained by heat treatment of the precursor Er-doped glass. The comparison between the fluorescence properties of Er-doped glass and glass-ceramics suggests that a fraction of Er 3+ ions are forming nanocrystals while the rest remain in a glass environment. The presence of fluoride nanocrystals has a strong effect in the upconverted red emission from 4 F 9/2 level. This emission increases significantly as compared with the green one in the glass-ceramic sample. The time evolution of the upconverted red emission shows that energy transfer upconversion processes are responsible for the increase of this emission in the glass-ceramic samples. Keywords: rare-earth, glass ceramics, upconversion, energy transfer.
INTRODUCTION
Transparent oxyfluoride glass-ceramics containing rare earth (RE) ions combine the good mechanical, thermal, and chemical properties of oxide glasses with the low phonon energy of fluoride nanocrystals. These materials have attracted increasing attention as they have potential applications in many fields such as solid state lasers, optoelectronic communication devices, color displays, down-and up-conversion phosphors and W-LEDs phosphors [1, 2] .
Most rare earth doped glass-ceramics prepared to date have been synthesized from oxyfluoride silicate glasses. However, the limited RE solubility of silica-based compositions and small nonlinear behaviour as well as the low chemical durability of pure fluoride compositions has motivated the search for other glass precursors for transparent glass-ceramics. Oxyfluoride tellurite glasses combine the low phonon energies of fluorides with the high chemical durability and thermal stability of tellurites. However, there is little information on fluorotellurite transparent glass-ceramics [3, 4] .
In this work, we analyze the influence of the nanocrystallization process on the near infrared luminescence and upconversion emission of Er 3+ -doped transparent oxifluoride tellurite glass-ceramics obtained by heat treatment of the Er 3+ -doped 73.6 TeO 2 -17.6 ZnO-8.8 ZnF 2 glass. The comparison of the fluorescence properties of Er 3+ -doped precursor glass and glass-ceramics confirms the successful incorporation of rare-earth ions into the nanocrystals.
RESULTS AND DISCUSSION

Samples
The precursor fluorotellurite glass (74.6TeO 2 -8.8ZnO-16.6ZnF 2 mol% doped with 1 wt% ErF 3 ) was prepared by conventional melt-quenching using high purity (>99.99 %) oxides and fluorides reagents that were well mixed in an agate ball mill. The powder mixture was melted in a covered platinum crucible at 850 ºC for 30 minutes. The glass melt was homogenized by using an electrical platinum stirrer and finally was poured onto a preheated brass mould. The obtained glass block was immediately annealed for 10 minutes at 320 ºC and then cooled down to room temperature at a cooling rate of 1 ºC·min -1 . After quenching, two-step heat treatments were carried out to nucleate a glass-ceramic (GC) phase according to the values of the glass transition and crystallization temperatures (T g ≈ 293 ºC and T c ≈ 390 ºC respectively) [4] . The first treatment was done at 305 ºC for 15 hours, followed by a 2.5 hours treatment at 340 ºC (GC1), below the onset of crystallization. The second one was performed at 310 ºC for 10 hours, followed by a 3 hours treatment at 340 ºC (GC2).
The microstructure of the samples and chemical composition of the nanocrystals have been analyzed by Transmission Electron Microscopy (TEM) and Energy Dispersive X-ray spectroscopy (EDX). TEM and EDX analysis confirms the presence of dendritic ErF 3 nanocrystals in all the volume of glass-ceramics. The nanocrystals have characteristic sizes of ~50 nm [4] . The crystalline to amorphous ratio in glass-ceramic samples is low (< 1%) due to their low ErF 3 content (1 wt%). Thus, even if glass-ceramics are mainly amorphous as indicated by XRD and Raman, large part of Er 3+ ions in these samples are segregated into the fluoride nanocrystals.
Near Infrared Emission
The near infrared emission spectra were obtained for the precursor glass (PG) and glass-ceramic (GC) samples by exciting at 801 nm in resonance with the 4 I 9/2 level by using a continuous wave (cw)Ti-sapphire ring laser. The fluorescence was analyzed with a 0.25 monochromator, and the signal was detected by a Hamamatsu H10330A-75 photomultiplier and finally amplified by a standard lock-in technique. Figure 1a compares the 4 I 13/2 → 4 I 15/2 emission spectra corresponding to the GC and PG samples. The spectra of the GC samples show a more resolved structure with seven Stark components. Moreover, the effective bandwidth is reduced from 73.4 nm in the glass to 64 nm in the GC2 sample probably due to the reduction of inhomogeneous broadening. The stimulated emission cross-section calculated by using the McCumber´s relation [5] has a value of 8.9·10
-21 cm 2 , similar to the one found in the glass sample (8.8·10 -21 cm 2 ) [6] and higher than those found in other fluorotellurite glass-ceramics [3] .
The room temperature experimental decays from level 4 I 13/2 were obtained by exciting at 801 nm in level 4 I 9/2 by using a Ti-sapphire laser pumped by a pulsed frequency doubled Nd:YAG laser (9 ns pulse width). The decay from level 4 I 13/2 shows, in all cases, an initial rise time due to the population from the higher 4 I 11/2 level. Figure 1b shows the experimental decay curves for the PG and GC samples. The decay of the glass sample can be described by a single exponential function, however the experimental decays of the GC samples are well described by a double exponential function with short (τ s ) and long (τ l ) time constants, respectively. Table 1 lists the values of τ s and τ l for GC samples and the lifetime (τ) of the 4 I 13/2 level for PG. The fact that the lifetime of the 4 I 13/2 level is fitted by two single exponential functions in the case of GC samples suggests that Er 3+ ions are partitioned in two different environments, which are most likely the crystalline (ErF 3 nanocrystals) and the amorphous (glass matrix) ones. The reduction in lifetimes after heat treatment has been previously reported [7] and attributed to the segregation of the rare-earth ions into the crystalline phase which reduces Er 3+ -Er 3+ distances. Shorter distances between Er 3+ ions favour dipole-dipole energy transfer between them, which increases non-radiative rates and reduces the lifetime of level 4 I 13/2 . A similar behavior is observed for the lifetime value of the 4 I 11/2 level which is reduced from 420 µs in the glass sample GS to 220 µs in GC2 sample. 
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Visible Upconversion Emission
In this section we compare the visible upconverted emissions of GC1 and GC2 with that of PG obtained under continuous wave (cw) and pulsed laser excitation in resonance with the 4 I 9/2 level at 801 nm. The emission spectra (Fig. 2a) show three main bands, two of them in the green and the third one in the red spectral regions. The green bands are attributed to the transitions from the two thermalized levels ( 2 H 11/2 , 4 S 3/2 ) to the ground state whereas the red emission corresponds to the 4 F 9/2 → 4 I 15/2 transition. In addition, the emission spectra of GC samples show very weak blue emission from higher levels, which does not appear in the upconversion emission of the precursor glass. The presence of this emission in the spectra of GC1 and GC2 can be due to the low phonon energy of the Er 3+ environment, i.e. ErF 3 nanocrystals. However, the most remarkable difference among the spectra of PG and GC samples is the relative intensity of the red emission with respect to the green one. In particular, the red to green intensity ratio is ~0.06 for PG ant it increases up to ~0.54 and ~0.84 in the case of GC1 and GC2, respectively. The variation of this ratio can be observed also by naked eye: PG shows a bright green emission (Fig. 2) , while GC2 presents a green-yellowish emission (Fig. 2a) , due to the contribution of the strong red emission. This increase of the red emission, not observed in the spectra obtained by exciting at 488 nm, indicates that after NIR excitation, level 4 F 9/2 is populated by energy transfer processes in addition to multiphonon relaxation from level 4 S 3/2 . This behavior could be associated to a higher concentration of Er 3+ ions in the nanocrystals, which reduces the Er 3+ -Er 3+ distances and increases the probability of energy transfer processes [8, 9] . a) b) As it is well known, the most important upconversion processes are ground state absorption (GSA) followed by excited state absorption (ESA) and energy transfer upconversion (ETU). The time dependent behavior of the upconverted luminescence under pulsed excitation depends on the upconversion process. The radiative ESA process leads to an immediate decay of the upconversion luminescence with the same lifetime than that obtained after direct excitation, whereas in the case of ETU the decay curve for the upconversion emission shows a rise time after the laser pulse and a lifetime longer than the one after direct excitation.
The time evolution of the green and red emission have been obtained under direct excitation at 488 nm and near infrared excitation at 801 nm. The decay curves can be fitted by two single exponential functions, with a short (τ s ) and long (τ l ) time constants. The values for the 4 S 3/2 and 4 F 9/2 levels are listed in Table 2 for PG, GC1 and GC2 samples.
The decay curve of the 4 S 3/2 level does not show an initial rise time under infrared excitation. This fact indicates that ESA processes from the 4 I 13/2 and 4 I 11/2 levels followed by multiphonon relaxation of the upper 4 F 3/2 , 4 F 7/2 , and 2 H 11/2 levels are mainly populating the 4 S 3/2 level. However, the fact that the lifetime of the long component of this level is longer when pumping at 801 nm with respect to direct pumping ( (Fig. 2b) . On the other hand, the decay curve of the 4 F 9/2 level under infrared excitation shows a rise time just after the end of the excitation pulse, which is characteristic of ETU processes. As discussed in the previous section, it is likely that Er 3+ ions segregated in the fluoride nanocrystals have a shorter distance between them with respect to the ions dispersed in the amorphous glass matrix (PG). Thus, the large increase of the red upconverted emission in GC samples may be attributed to the increased probability of ETU processes between nearby Er 3+ ions in nanocrystals. We note that the value of the long component of the decay of the 4 (Fig. 2b) . 3. CONCLUSIONS The analysis of the spectroscopic properties of Er 3+ ions in the PG and GC samples shows that the 4 I 13/2 → 4 I 15/2 (~1.5 μm) emission spectra of glass-ceramics show well resolved Stark components and a slightly reduced width, compared to the precursor glass, which indicated a crystalline environment for Er 3+ ions. The fluorescence decay of the 4 I 13/2 level in GCs can be fitted by two single exponential functions with a shorter lifetime than the precursor glass. This behaviour can be attributed to the presence of Er 3+ in amorphous and crystalline environments. Moreover, the reduction of the lifetime in the GC samples can be due to the segregation of the Er 3+ ions into the crystalline phase, which reduces Er
3+
-Er 3+ distances and increases energy transfer processes. The reduced distances between Er 3+ ions in nanocrystals led to a strong red upconverted emission ( 4 F 9/2 → 4 I 15/2 ) in glass-ceramics due to the larger probability of energy transfer processes between nearby Er 3+ ions. In particular, the red to green ( 2 H 11/2, 4 S 3/2 → 4 I 15/2 ) intensity ratio was up to 14 times larger for a glass-ceramic sample than for the precursor glass sample, becoming the red and green emissions of comparable intensity.
